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When Feeling Is More Important Than Seeing
in Sensorimotor Adaptation
combined and, specifically, the weighting given to each.
For example, in prism adaptation experiments, subjects
point at visual targets and proprioceptive targets before
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London WC1N 3AR [4]. Other methods to estimate the weighting measure
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and Movement Disorders sual-proprioceptive targets [5, 6]. The weightings can
then be derived from the responses to the combinedInstitute of Neurology
University College London visual-proprioceptive targets relative to the responses
in the other two conditions.Queen Square
London WC1N 3BG The picture that emerged from such studies is that
(when all visual cues are available) the estimate of handUnited Kingdom
position relies more on vision than on proprioception,
sometimes expressed as “vision dominates propriocep-
tion”. The visual weights in most reports are betweenSummary
0.6 and 0.8, and the proprioceptive weights are between
0.2 and 0.4 [1]. The precise values depend on the experi-Perception and action are based on information from
mental conditions. For instance, the proprioceptivemultiple sensory modalities. For instance, both vision
weight is larger when the hand is moved actively thanand proprioception provide information about hand
when it is moved passively (by the experimenter), andposition, and this information is integrated to generate
the proprioceptive weight also increases with decreas-a single estimate of where the hand is in space. Classi-
ing availability of visual cues [7]. When vision is reducedcally, vision has been thought to dominate this pro-
to seeing a small light on the finger in otherwise com-cess, with the estimate of hand position relying more
plete darkness, the proprioceptive weight can even ex-on vision than on proprioception [1]. However, an opti-
ceed the visual weight [7, 8].mal integration model [2] that takes into account the
When multiple sources provide information about aprecision of vision and proprioception predicts that
quantity, and the goal is to minimize the uncertaintythe weighting of the two senses varies with direction
in the final estimate, the theoretically optimal way toand that the classical result should only hold for spe-
combine the information is to weight each source by itscific spatial directions. Using an adaptation paradigm,
precision, which is the inverse of its variance [2, 9, 10].we show that, as predicted by this model, the visual-
We will now show that the findings summarized aboveproprioceptive integration varies with direction. Varia-
are consistent with this. The precision of visual andtion with direction was so strong that, in the depth
proprioceptive localization in a horizontal plane is non-direction, the classical result was reversed: the esti-
uniform (shown schematically as ellipses in Figure 1),mate relies more on proprioception than on vision.
with vision being more precise in azimuth than in depthThese results provide evidence for statistically optimal
(by “in depth” we mean in the radial direction relativeintegration of information from multiple modalities.
to the observer; “in azimuth” refers to the direction or-
thogonal to that) and proprioception being more precise
Introduction in depth than in azimuth [11]. The shape of the visual
ellipses results from the fact that it is more difficult for
When multiple sources provide information about a the visual system to judge distance than direction [12,
quantity, a single estimate of the quantity can be 13]; target direction can be derived from gaze direction,
achieved by combining the information. For example, whereas target distance has to be derived from less
we can both see and feel where our hands are, and this precise cues such as vergence and disparity [14, 15].
information is integrated to generate a single estimate The precise shape of the visual ellipse also depends
of where the hand is in space. The feeling of hand posi- on the viewing conditions and the vertical level of the
tion is based on proprioceptive information, which we horizontal plane. The shape of the proprioceptive ellip-
define as the ensemble of sensory information from re- ses is mainly determined by the geometry of the arm
ceptors in the muscles, skin, and joints. Integration of [11]. Since proprioceptive signals are related to joint
visual and proprioceptive information has been studied angles, uncertainty in the finger position can be under-
extensively in experiments in which subjects view their stood from uncertainty in joint angles. For an almost
hand through optical prisms [1, 3]. Prisms displace the extended arm, as shown in Figure 1, uncertainty in both
visual field and therefore induce a conflict between the the shoulder and elbow angles results in much more
visual and proprioceptive signals about hand position. uncertainty in the finger position along the azimuth than
Such a conflict can be used in different ways to estimate in the depth direction.
the way in which visual and proprioceptive signals are Prisms induce a mismatch between vision and pro-
prioception along the azimuth, a direction in which lo-
calization is “best” for vision and “worst” for proprio-3 Correspondence: r.van-beers@ucl.ac.uk
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Figure 2. Experimental Setup
The subject looked in the mirror, which was positioned midway
between the tabletop and the projection screen. As a result, the
table was occluded, but the image of the projection screen was
seen in its place. The right arm was also occluded, but the motion
tracker recorded the fingertip position, which could be presented
to the subject as a red circle. During adaptation, the relationship
between actual hand position and red circle position was perturbed
by displacing the circle either in azimuth (leftward) or in depth
(forward).Figure 1. Direction-Dependent Precision of Visual and Propriocep-
tive Localization
The top view of a subject with the right hand in the area tested.
Ellipses represent a schematic of the precision (not to scale) for muth. In azimuth, vision is more precise than proprio-
localizing either a visual target or a proprioceptive target [11]. The ception. In depth, however, the precision of propriocep-
narrower an ellipse in a certain direction, the more precise the local- tion is increased and that of vision decreased, so the
ization. Note that the visual and proprioceptive ellipses are approxi- integration should rely more heavily on proprioception.
mately orthogonal.
Our paradigm measures visual and proprioceptive adap-
tation rather than weights. Since the modality weighted
most heavily will adapt least [9], the prediction is thatception. Therefore, the optimal integration hypothesis
proprioceptive adaptation will be smaller in depth thanpredicts that, as observed, the integration should rely
in azimuth.more on vision than on proprioception. The dependence
of the weights on factors such as active versus passive
movement of the hand and the available visual informa- Results and Discussion
tion [7] is also consistent with the hypothesis. Proprio-
ceptive localization is more precise after active than Subjects pointed at visual and proprioceptive targets
before and after they adapted to visual-proprioceptiveafter passive movement [16], so the proprioceptive
weight should be larger after active movement. Reduc- mismatches in the setup shown in Figure 2. We mea-
sured visual and proprioceptive adaptation to mis-ing the visual information will lead to less precise visual
localization and therefore to a reduction of the visual matches in azimuth and in depth; that is, we measured
how much the mean pointing responses toward visualweight.
More evidence for optimal integration has been ob- and proprioceptive targets changed during adaptation.
Both in azimuth and in depth, our subjects showedtained by studying two-dimensional hand localization in
a horizontal plane [2]. Since the relative precision of significant visual and proprioceptive adaptation in the
expected direction (for all combinations of direction andvision and proprioception varies with direction (see Fig-
ure 1), optimal integration can no longer be described modality, p  0.01, one-tailed t tests). Next, we exam-
ined the relative proportions of visual and proprioceptiveby single visual and proprioceptive weights. Instead, the
whole two-dimensional precision is taken into account. adaptation. In accordance with previous studies [1], the
ratio between proprioceptive and visual adaptation inThe result is that the integrated estimate of hand position
is predicted not to be on the straight line between the azimuth was 67:33 (left columns in Figure 3). In contrast,
in the depth direction, the ratio between proprioceptivepositions where it is localized on the basis of vision only
and proprioception only (assuming these are different), and visual adaptation was 28:72 (right columns in Figure
3). As predicted by the optimal integration model, thebut it will be off that line. This prediction has been con-
firmed experimentally [2]. proprioceptive adaptation was significantly smaller in
depth than in azimuth (one-tailed paired t test: t13 3.3,Here, we explicitly test whether the weighting of vision
and proprioception varies with direction. Specifically, p 0.003), demonstrating direction-dependent adapta-
tion. Moreover, in depth, the visual adaptation was sig-we determine visual and proprioceptive adaptation to
visual-proprioceptive mismatches in depth and in azi- nificantly larger than the proprioceptive adaptation (two-
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from experience. Multisensory areas of the brain such
as the parietal lobes [17, 18] may perform the integrative
computations required to achieve optimal integration.
Experimental Procedures
A total of 14 naı¨ve subjects (6 females and 8 males) gave informed
consent and participated in the study. All subjects participated in
two adaptation sessions, an adaptation in azimuth and an adapta-
tion in depth, in a counterbalanced order. Subjects sat at a large
horizontal table, in a normally illuminated room, with their head
supported by a chin rest (see Figure 2). A Polhemus Fastrak motion
tracker was used to measure the position of the subject’s right and
left index fingers at 120 Hz. The targets and the feedback of the
right finger position were presented as virtual images in the plane
of the table. This was achieved by projecting an XGA screen with
an LCD projector onto a horizontal rear projection screen suspended
51.0 cm above the table. A horizontal front-reflecting mirror was
placed face up 25.5 cm above the table. Subjects had no direct
Figure 3. Relative Visual and Proprioceptive Adaptation
view of their arm because it was covered by the mirror. The subjects
The bars show the mean relative adaptation across subjects, and viewed the reflected image of the rear projection screen by looking
the error bars represent standard errors. down at the mirror. By matching the screen-mirror distance to the
mirror-table distance, all projected images appeared to be in the
plane of the table (when viewed in the mirror), independent of head
position. Targets were presented as 17-mm diameter yellow circles,tailed paired t test: t13 2.19, p  0.05), indicating that
and the finger position was indicated by a 7-mm diameter red circlein depth proprioception is weighted more heavily than
(cursor spot). Using a cursor spot leads to equally precise localiza-
vision. tion of the hand as viewing the whole hand, because viewing only the
Previous work [2] suggested that the weighting of fingertip and viewing the whole hand lead to the same localization
precision [19]. Prior to each experiment, we calibrated the outputvision and proprioception for hand localization could
of the Polhemus: we recorded its output over a grid of 24 points onvary with direction. Here, we explicitly determined the
the table and performed quadratic regression of this output to thevisual and proprioceptive adaptation to visual-proprio-
actual grid locations.ceptive mismatches in two orthogonal directions in
Each session consisted of three phases: preadaptation, adapta-
otherwise identical conditions, and we found different tion, and postadaptation. Each trial started with both hands in tactile
results. This shows that different weightings apply simulta- starting positions (the right hand above and the left hand below the
table) about 10 cm straight ahead of the subject. To avoid stereo-neously for different directions. Moreover, we found that,
typed movements, we used four different target positions closein the depth direction, proprioception is weighted more
together. They were on the corners of an imaginary 2.5-cm squareheavily than vision.
about 50 cm in front of and 10 cm to the left of the subject’s bodyAn earlier study [8] had already shown that the esti-
midline.
mate of hand position in the depth direction is not based In the preadaptation phase, subjects used their left hand under
on vision only, but it is also based on proprioception. the table to point to visual, proprioceptive, or both visual and pro-
prioceptive targets. Proprioceptive targets were defined as the posi-However, no larger weighting of proprioception than
tion of the right fingertip, which was placed on a tactile marker onvision was found, presumably because the passive posi-
the tabletop. The subject moved the right hand actively to the target;tioning of the target hand led to less precise propriocep-
a beep confirmed when the hand had reached it. Vision was blockedtive information than in our study. We found that, in
by Plato (Translucent Technologies) visual occlusion spectacles
more natural conditions, the proprioceptive weighting from the moment the right hand began to move. In the visual target
is larger than the visual weighting. This suggests that condition, the right hand remained in its starting position, and the
visual target was presented at one of the four locations. In thea larger reliance on proprioception is very common in
combined visual-proprioceptive condition, the visual target was alsoeveryday life. This is the converse of the classical view
displayed, but now the subject also had to put the right finger onthat the brain relies more on vision. That view was based
the corresponding tactile marker. Full visual feedback was providedon the azimuthal displacement caused by optical
about the right finger position, shown by the cursor spot, during the
prisms, which turns out to be a special case. movement from the starting position to the target. In all conditions,
Our results support the optimal integration model, subjects pointed with their unseen left hand touching the underside
of the table. No feedback was given. The endpoint of the movementwhich suggests that the brain weights the information
was defined as the first point at which the tangential velocityfrom each modality in a way that minimizes the uncer-
dropped below 5 cm/s. At this time, another beep sounded; thetainty in perceived position. The weights are flexible;
subject then moved both hands to their starting positions to startnot only do they vary with experimental conditions such
the next trial. Visual feedback was provided when the hands were
as active versus passive movement, but, in a given con- within 15 cm of their starting positions so that the subject could
dition, they also vary with direction. It can therefore be easily guide them to the starting positions. This also reduced pro-
prioceptive drift [20]. Subjects pointed three times to each of themisleading to say that one modality dominates another;
four targets in each condition in a pseudorandom order.the situation is better described by flexible weighting in
In the adaptation phase, only the visual-proprioceptive conditionwhich the weights are optimized for the precision in a
was presented. This phase consisted of 12 trials (3 repetitions forgiven situation. It is not clear how the brain obtains the
each target) in which a 5-cm visual perturbation was gradually intro-
knowledge about the direction-dependent precision; it duced during the first 10 trials. Gradual introduction of the displace-
may estimate precision directly from the noise in incom- ment [21] and concurrent vision of the hand [3] lead to more com-
plete and quicker adaptation than immediate introduction anding sensory information, but it may also have learned it
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terminal feedback. The images of both target and finger position of target distance, direction, and available cues. Percept. Psy-
chophys. 12, 263–268.were displaced, either in depth (forward) or in azimuth (leftward).
The image of finger position was not displaced at the starting posi- 13. Foley, J.M. (1976). Successive stereo and vernier position dis-
crimination as a function of dark interval duration. Vision Res.tion, but it was fully displaced at the target position. In between, the
displacement increased linearly. Unlike prisms, this method allowed 16, 1269–1273.
14. Brenner, E., and van Damme, W.J.M. (1998). Judging distanceequivalent visual displacements in azimuth and in depth without
any visual distortions. The subjects were questioned after the exper- from ocular convergence. Vision Res. 38, 493–498.
15. Tresilian, J.R., Mon-Williams, M., and Kelly, B.M. (1999). Increas-iment: none of them had noticed the perturbations.
After the adaptation phase, a postadaptation phase was tested, ing confidence in vergence as a cue to distance. Proc. R. Soc.
Lond. B Biol. Sci. 266, 39–44.which was identical to the preadaptation phase. The preadaptation
phase of the second session was preceded by a “deadaptation” 16. Paillard, J., and Brouchon, M. (1968). Active and passive move-
ments in the calibration of position sense. In The Neuropsychol-phase in which the displacement of the previous session was gradu-
ally reduced to zero (like the adaptation phase in reversed order). ogy of Spatially Oriented Behavior. S.J. Freedman, ed. (Home-
wood, Illinois: Dorsey Press), pp. 37–55.We determined the change between pre- and postadaptation
pointing to proprioceptive targets (P) and to visual targets (V). 17. Clower, D.M., Hoffman, J.M., Votaw, J.R., Faber, T.L., Woods,
R.P., and Alexander, G.E. (1996). Role of posterior parietal cor-For both modalities, we calculated mean pointing errors (pooled
over targets because these were very close together) and deter- tex in the recalibration of visually guided reaching. Nature 383,
618–621.mined their difference between pre- and postadaptation along the
displacement direction (with positive values denoting changes in 18. Graziano, M.S.A., Cooke, D.F., and Taylor, C.S.R. (2000). Coding
the location of the arm by sight. Science 290, 1782–1786.the expected adaptation direction). Relative adaptation was calcu-
lated for proprioception as P/(P  V), and, for vision, it was 19. van Beers, R.J., Sittig, A.C., and Denier van der Gon, J.J. (1999).
Localization of a seen finger is based exclusively on propriocep-calculated as V/(P  V).
tion and on vision of the finger. Exp. Brain Res. 125, 43–49.
20. Wann, J.P., and Ibrahim, S.F. (1992). Does limb proprioceptionAcknowledgments
drift? Exp. Brain Res. 91, 162–166.
21. Ingram, H.A., van Donkelaar, P., Cole, J., Vercher, J.-L., Gau-This work was supported by the Biotechnology and Biological Sci-
thier, G.M., and Miall, R.C. (2000). The role of proprioceptionences Research Council (BBSRC), the Medical Research Council
and attention in a visuomotor adaptation task. Exp. Brain Res.(MRC), the Wellcome Trust, and the Human Frontiers Science
132, 114–126.Program.
Received: February 18, 2002
Revised: March 15, 2002
Accepted: March 22, 2002
Published: May 14, 2002
References
1. Welch, R.B., and Warren, D.H. (1986). Intersensory interactions.
In Handbook of Perception and Human Performance, Volume
1. K.R. Boff, L. Kaufman, and J.P. Thomas, eds. (New York:
Wiley), pp. 25.1–25.36.
2. van Beers, R.J., Sittig, A.C., and Denier van der Gon, J.J. (1999).
Integration of proprioceptive and visual position-information:
an experimentally supported model. J. Neurophysiol. 81, 1355–
1364.
3. Welch, R.B. (1978). Perceptual Modification. (New York: Aca-
demic Press).
4. Redding, G.M., and Wallace, B.W. (1996). Adaptive spatial align-
ment and strategic perceptual-motor control. J. Exp. Psychol.
Hum. Percept. Perform. 22, 379–394.
5. Warren, D.H., and Pick, H.L. (1970). Intermodality relations in
localization in blind and sighted people. Percept. Psychophys.
8, 430–432.
6. Haggard, P., Newman, C., Blundell, J., and Andrew, H. (2000).
The perceived position of the hand in space. Percept. Psy-
chophys. 68, 363–377.
7. Mon-Williams, M., Wann, J.P., Jenkinson, M., and Rushton, K.
(1997). Synaestesia in the normal limb. Proc. R. Soc. Lond. B
Biol. Sci. 264, 1007–1010.
8. Plooy, A., Tresilian, J.R., Mon-Williams, M., and Wann, J.P.
(1998). The contributions of vision and proprioception to judge-
ments of finger proximity. Exp. Brain Res. 118, 415–420.
9. Ghahramani, Z., Wolpert, D.M., and Jordan, M.I. (1997). Compu-
tational models for sensorimotor integration. In Self-Organiza-
tion, Computational Maps and Motor Control. P.G. Morasso and
V. Sanguineti, eds. (Amsterdam: North-Holland), pp. 117–147.
10. Jacobs, R.A. (1999). Optimal integration of texture and motion
cues to depth. Vision Res. 39, 3621–3629.
11. van Beers, R.J., Sittig, A.C., and Denier van der Gon, J.J. (1998).
The precision of proprioceptive position sense. Exp. Brain Res.
122, 367–377.
12. Foley, J.M., and Held, R. (1972). Visually pointing as a function
